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Dewatering, Hydraulic Failure and Subsequent Analysis of
a Sheeted Excavation
G. E. Bauer
Professor, Department of Civil Engineering, Carleton University, Canada, K1 5 586

SYNOPSIS A 16m deep sheeted excavation failed by p1p1ng of the base. The sequence of events leading to this failure
is described and served as a field case to study the hydraulic nature of the project using flownet, electrical analogy
and finite element methods.
INTRODUCTION
Generally the engineer designing a cofferdam has to look
into two hydraulic aspects of the problem, apart from
the structural stability of the wall. Firstly, the
calculation of the seepage quantity for a given embedment
depth of the sheeting and secondly, the determination of
the bottom stability of the excavation against a
hydraulic failure. Hydraulic instability can occur by
either local piping or boiling close to the sheet piles
or by a general upheave of the soil, which occurs over a
large area of the excavation. Unfortunately, there is
not enough experimental evidence to predict with
certainty which would occur first. Therefore, an
important consideration in the design of a braced open
cut is the hydrodynamic analysis of the seepage
conditions. The basic principles of flow through soils
and the flow net method of analysis represent an
acceptable approach for the prediction of the quantity,
the velocity, and the direction of seepage flow, as well
as of the seepage forces. Tests and experience have
proved this to be a good guide. However, laboratory
model tests or two-dimensional flow analysis cannot in
many cases simulate the complex conditions which exist
in the field due to non-uniform construction procedures,
anisotropic soil conditions and the three-dimensional
character of the cofferdam or excavation.
The first part of this paper describes the problems
encountered with a 16 m deep excavation in sand. The
excavation was 20m by 12m in plain and interlocking
steel sheet piles were driven around the perimeter to
form a watertight wall. As the excavation preceded a
horizontal bracing system consisting of steel walers
and struts was installed at three levels. The dewatering
consisted of lowering the water level inside the
excavation by submersible pumps and as the inflow through
the bottom increased a well point system was installed.
The well points were rejetted with the progress of the
excavation. Before the final grade was reached the
bottom of the excavation failed by quicking action. The
inrushing water and the loss of soil caused extensive
damage to adjacent structures. The excavation had to be
halted for several months until effective remedial
measures could be employed in order to excavate it to its
final grade. The soil had to be re-compacted before the
foundation slab could be poured. During the excavation
process the inside and outside water levels were
monitored. The deformation in pla~ and section were
also measured and were considered to be excessive for
this type of a structure. The paper discusses the
several events leading to the failure.

DESCRIPTION OF THE SITE EXCAVATION
The main excavation pit was 20.9 m in length and 12.8 m
in width. The north wall, after the excavation had
reached a depth of 15 m, was the deepest section of the
excavation. A plan of the site is shown in Figure 1.
At thesoutheastside of the excavation a smaller
rectangular section of 9.1 m by 7m in plan was joined to
the main pit. During the initial stages of the
excavation this portion served as a ramp for the
construction vehicles.
A total of 225 interlocking U-shaped Larssen IIIN steel
sheet piles were driven around the perimeter of the
excavation. The original ground surface was at elevation
235.3 m. The internal bracing system consisted of
horizontal steel wales and struts as indicated in Figure
1. There were three main strut levels at elevations
229.5, 225.8, and 222.2 m, respectively. The final
grade of excavation was at elevation 220.3 m. At this
elevation the concrete slab for the future pump house
was to be poured. An auxilliary bracing system was
installed at elevation 232.2 m.
Approximately 8 m north of the excavation a one-storey
concrete block pump house was located. The east half of
this building had a basement where the pumps were housed.
On the remaining three sides of the excavation there
were concrete sewage settlement and sludge tanks as well
as two Parshall flumes. During the construction of the
excavation, these tanks were in operation, except when
they were damaged due to differential settlement as
discussed later.
The area inside the excavation boundaries was excavated
to a general elevation of 230 m then a 0.5-0.6 m deep
trench was excavated around the permimeter of the whole
excavation. The Larssen IIIN sheet piles were positioned
in place at the bottom of the trench and driven down
approximately 1.3 m and then the pile driver was moved to
the next pile. This procedure was followed around the
excavation in order to prevent opening of the joints and
buckling of the free-standing section of the pile. To
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The second part analyses the hydraulics of this cofferdam
using various techniques. Several critical sections
were studied assuming isotropic and anisotropic flow
conditions. Normalized curves of factor of hydraulic
safety versus excavation geometry are given. These
curves can be used as design guides for future excavations
below a free water table.

hold the piles in vertical alignment a steel template
was used. The first 3 m was driven with a diesel hammer
and as driving resistance became too severe a 5.6 Mg
vibratory driver was used to drive the piles to grade.
When fully driven the piles terminated at elevation
217.6 m, as shown in Figure 2. Jetting had to be resorted
to when the penetration resistance became too severe.

The initial design for this project recommended the use
of driven hardwood wedges. The purpose of the wedges
was to firmly keep the sheet piles braced against the
waler and to allow compression of the wedges if the
earth forces exceeded the bracing resistance; these
conditions could exist due to frost action or the
placement of heavy equipment outside the excavation.

The soil within the excavation was removed by clam shell,
with the trimming close to the sheet piles being done by
hand shovels. When the excavation reached approximately
1 m be 1ow a struts 1eve 1 , stee 1 brackets 1.1 m 1ong were
welded at 4 m centres to the piling and the waler was
placed on top of them. The truts were welded to the
walers. None of the struts were prestressed. When the
general excavation level had reached elevation 223.5 m,
the inside of the excavation was kept dry by pumping
from sump pits. After that a wellpoint system was
installed as discussed later.

The actual construction of the cofferdam did not utilize
hardwood wedges, but rather 300 mm thick wood blocks that
were placed between the sheet pile and the waler, which
allowed the sheet pile to move progressively into the
excavation as the wood was compressed. The consequences
of these inward movements of the sheet piles, as shown
by the plotted movements in Figure 4, was that a triangle
of soil behind the wall moved inwards and downwards, with
a loosening of the soil structure along the slip plane.
It was now possible for higher hydraulic heads to exist
deep in the soil behind the sheet pile wall and this
created a serious boiling condition in the base of the
excavation, which was beyond the design capacity of the
we 11 points.

Soil and Groundwater Conditions
The subsoil within the depth of the excavation consisted
almost exclusively of uniform fine to medium sand. Above
an elevation of approximately 225.5 m the relative density
was compact and below this the N values from the
standard penetration resistance were generally greater
than 100, which classified the sand as very dense.
Field densities were obtained during excavation at several
depths and locations. The highest dry density of 2000
kg/m 3 was obtained at an elevation of 224 m. A profile
of the subsoil with the average soil properties is shown
in F~gure 2. The underlying bedrock was of sedimentary
origin from the Devonian Age, mainly limestone. It was
encountered in one deep borehole at a depth of about 30 m
(elevation 204.2 m). Presumably, the bedrock was flat
lying, its surface generally being almost horizontal in
this region.

Along the higher north and west walls the sheet piles
could not be obtained in lengths longer than 12.2 m, and
therefore had to be welded together horizontally. These
splices were located alternately top and bottom. Several
of these horizontal welds failed: the lower portion of t
pile was dragged down by interlock friction with the
adjacent piles leaving gaps or "windows" between the two
sections. One of these windows was responsible for pipin
occurring opposite pile 10. The piles of the north wall
were numbered from 1 to 32, starting at the northwest
corner.
On day 37, day 1 was the start of the excavation, after
the second main bracing level had been installed, a
larg~ cast-iron water main running parallel to the north
wall broke. This was probably due to the movement of
the wall causing the sand to exert excessive bending
stresses on the pipe. The average movement of the north
wall was more than 50 mm by this time, as shown in Figurt
4 by the movement profile for day 37.

Before the start of construction of the excavation the
groundwater table was approximately at elevation 22g m.
The water levels outside and inside the excavation were
monitored by cased open boreholes and by open standpipetype piezometers as indicated in Figure 3. Borehole 6,
which was located north of the excavation, was taken as
indicative of the water level behind the north wall during
the eaFly stages of the excavation. As the excavation
progressed threeadditionalpiezometers, P 10, P 11, and
P 12, which were also of the open standpipe type, were
tapped through a sheet pile of the centre bay of the
north ·wall. The tips of these three piezometers were
located at elevations 226.8 223.6, and 221.0 m,
respectively, as shown in section A-A of Figure 3. A
continuous record of the water levels of the 25
piezometers and the cased boreholes was taken during
the initial stages of the excavation. Of particular
interest, of course, were the water level observations
of the three piezometers located at the centre bay of
the north wall. The drawdown of the free water surface
directly behind the cofferdam was surprisingly minimal,
even at large hydraulic heads, and could be considered
negligible. The sand was pervious enough that the
time lag of piezometer indications was considered not to
be a problem.

The break in the water main caused the water level
directly behind the sheeting to rise to an elevation of
232 m as indicated by the piezometers located at the
north wall. Subsequently, boils occurred in the excavat
opposite pile 10, which had a broken weld at elevation
223 m where the two sections of the pile had been joined
It should be emphasized here that the recorded movement
of the excavation walls must be regarded as excessive.
As shown in Figure 4 the tips of the piles of the north
wall had moved into the excavation over the 5 month
construction period an average of 200 mm. The top of
the wall had deformed 90 mrn; 75 mm of movement occurred
after the first bracing level was placed.
On this project, well points were initially installed
some 2m from the sheeting, for an embedment depth of
2.7 m. The well points were installed in this position
for plumbing rather than geotechnical reasons. The
original well points were "jetted" into the fine sands
without the installation of an adequate filter. The
purpose of a jetting operation is to provide a filter bj
washing~ut some fines from the sand but it has the
consequence of producing a vertical column of coarse sar
which further encourages vertical flow of the water befc
the well points can be set in operation. The most
critical time for the base of the excavation is during ·
jetting operation, especially if the installation of th1
well points is left rather late in the process. The we·
point system proved completely inadequate to handle the
inrushing water which eventually filled the excavation
elevation 222 m. After 40 days: of attempting to improv'

EVENTS LEADING TO HYDRAULIC FAILURE
There were several factors or events which contributed to
the hydraulic failure of the base of the excavation.
These were discussed in detail by Bauer et al (1980) and
a brief account of events is given that may have
either singularly or in combination with other factors,
to the hydraulic failure of the excavation.
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CONCLUSIONS

the efficiency of the system, the excavation was flooded
to the outside water level of 228.5 m. The old well
point system was removed and a new system was installed.
Two months later the new system was completed and
functioning well. The water level inside the cut was
drawn below the final grade of 220.3 m and construction
operation resumed. Figure 5.shows the variation of the
outside and inside water levels during the construction
of the excavation. Before the concrete mat could be
poured at grade the sand had to be recompacted. The loss
of soil due to piping and movement of the sheet piles
caused differential settlements and cracking of a
concrete slude tank discharging sewage into the excavation.
This increased the hydraulic gradient and might have
contributed to the piping failure of the sand within
the excavation.

A routine tem~orary excavation consisting of interlocking
steel _sheet p1les and an internal bracing system
exper1enced a basal failure by piping or boiling. The
basal failure was mainly due to the ineffectiveness of the
initial well point system. Failure of some of the sheet
pile splice welds, leaving gaps in the sh~etcpiles, also
contributed to local piping and soil erosion. The
excessive movem~nts of the sheet piles caused subsidence
of the surround1ng soil and cracking of adjacent structures •
structures, such as concrete tanks and flumes. A
subsequent hydraulic analysis of the cofferdam was
carried out us!ng an electrical analogue model and finite
element analys1s. Curves of base stability for various
soil conditions and excavation geometries are given to be
used as guide lines for the design eng4neer.

ANALYSIS OF HYGRAULIC CONDITIONS
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Several methods were employed to study the hydraulic
conditions of the excavation. Flow net sketching for
steady-state seepage conditions has long been recognized
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This method is based on the theory that the flow of
water through soil or rock can be simulated by the flow
of an electric current through a conducting medium.
The porous medium is represented by a resistance network,
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head are analogous to the conductivity, current and
voltage respectively of the model. The theory, the
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The method was applied to simulate the confined flow into
an excavation with impervious walls.
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The variation of factor of safety against a piping
failure versus excavation geometry for isotropic soil
conditions is given in Figure 6. The narrower the
excavation becomes the lower the factor of safety, keeping
all other variables the same. Beyond a width of four
times the depth of the cofferdam the factor of safety does
not depend on the width of the excavation any longer. A
similar observation can be made from Figures 7 and 8 for
layered soil systems. In Figure 7 the coarse or more
permeable is underlain by a less permeable aquifer. In
Figure 8 the two layers are reversed. Again the width
of the excavation has a marked effect on the base
stability, or in other words for a given width and factor
of safety a narrower excavation needs a deeper cutoff wall
in order to maintain the same stability against piping
or boiling.

SHEET PILES,

The excavation was also analyzed by the finite element
method, Kaiser and Hewitt (1982). A typical result of a
flow net and water pressure distribution on the wall for
a two-layered soil system is given in Figure 9. Here it
was assumed that the water table was not drawn down which
was borne out by the measurements in the field. Figure
10 shows a similar result as Figure 9 except for a slight
drawdown of the water table. In bbth cases the exit
gradient of the seepage water entering the excavation
was close to the critical value causing piping.

SCALE: I em= 2.5m

Figure 1.
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Plan of Excavation and Bracing System
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Variation of Waterlevels With
Construction Progress
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F.E.M. Water Pressure Distribution
(Drawdown Waterlevel)

